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The inappropriateness of an automatic application in the risk assessment process of analytical or experimental results, obtained with extracts and procedures incompatible with the biological environment, is illustrated on the discrepancy between short-term laboratory tests predictions that wider use of diesel engines on our roads will increase the risk of respiratory cancer and the widely negative epidemiological evidence. Mutagenic activity of diesel particulates was minimal or negative when tested in extracts obtained with biological fluids, was substantially dependent on the presence of nitroreductase in the microbial tester strain, and disappeared completely 48 hr after the diesel particles had been phagocytized by alveolar macrophages. Similarly, long-term animal inhalation exposures to high concentrations of diesel particles did not induce the activity of hydrocarbon metabolizing enzymes or specific adverse immune response unless organic solvent extracts of diesel particles were administered intratracheally or parenterally in doses that highly exceed the predicted levels of public exposure even by the year 2000. Furthermore, the suspected cancer producing effects of inhaled diesel particles have thus far not been verified by experimental animal models or available long-term epidemiological observations. It is concluded that unless the biological accessibility of the active component on the pollutant as well as its biotransformation and clearance by natural defense mechanisms are considered, lung cancer risk assessment based solely on laboratory microbial tests will remain an arbitrary and unrealistic process and will not provide meaningful information on the potential health hazard of a pollutant.
Since the time when Ehrlich (1) identified hypothetical chemical ligands in the cell interior (receptors) on which chemicals entering the living organism act, it has been believed that whatever the effect of a chemical in the biological system is, it occurs as a consequence of physicochemical interactions between the chemical and some functionally important chemical structure in the system. This obviously implies that the possibility of the drug reaching the receptor in satisfactory concentration is a necessary prerequisite for a measurable biological response. Recently, modern pharmacology (2) *Biomedical Science Department, General Motors Research Laboratories, Warren, MI 48090. has been testing clinical efficacy and therapeutic potential of new drugs by measuring the drug transfer from the site of administration into the general circulation. Similarly, environmental toxicology must realize today that for proper understanding of the ultimate effects of environmental pollutants, it cannot depend only on measurement of the applied dose (exposure), but must also determine what is the possibility and velocity with which the environmental pollutant or its effective component can reach the target organ, cell, or specific chemical structure. In fact, the most effective assessment of the response would be to meas- ure the concentration of the chemical compound directly at the receptor site. This is still an idealistic approach even in pharmacotherapy and today's pharmacology estimates the bioavailability of the drug primarily from the change of the drug concentration in the circulating plasma with time.
Naturally, solubility of the administered form of the drug in the biological environment, i.e., extracellular fluid and serum or plasma, is of cardinal importance for the drug distribution via systemic circulation and, at the same time, it is an easily measurable parameter in laboratory conditions. Indeed, solubility in biological fluids is a basic prerequisite for the manifestation of any biological effect; should the drug be administered in the insoluble form, no drug will reach the target organ receptors, and the expected pharmacological response will not occur.
When identical principles are applied to environmental toxicology, a direct parallel in the need for a more exact quantification of the adverse response to the pollutant can be easily recognized. The effects of an environmental pollutant are also determined by its possibility to reach its target in the organism. In pharmacology, the form of drug administration is preselected not to interfere with the integrity of tissues at the site of injection. In contrast, the entry of an environmental pollutant occurs via variable routes, and a strong possibility exists for an undesirable effect at the site where the pollutant enters into the organism. Indeed, in many cases, the local effect is the dominant action of the pollutant. In other cases, the inhalation of aerosols may result in a subsequent retention of the particulate matter in the respiratory system and formation of a permanent depot from which the active component is continually distributed to a distant receptor or, what is more important, the reactive chemicals may be directly released into sensitive cells of the respiratory system that are in intimate contact with the deposited particle (Fig. 1) .
Ultimately, the final effect is not determined only by the absolute size of the dose entering the organism, but also by the port of entry, site of (12) or automobile exhaust condensate (17, 18) were not included in the list, since they do not comply with the definition of the particulateorganics association. The particulate phase of cigarette smoke consists entirely of liquid aerosol (tar) and is, therefore, 100% soluble in an organic 
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The different character of the soot used (carbon black, atmospheric soot, diesel exhaust particles), variability in the experimental design, and problems with the analytical determination of trace amounts of polycyclic hydrocarbons are responsible for the controversy that exists regarding the ability of biological fluids to extract hydrocarbons from the soot particles in vitro (20) .
The attempts to overcome the low sensitivity of the applied analytical methods by enriching the hydrocarbon fraction with excessive amounts of benzo[a]pyrene (21) further complicated the problem. As expected, the authors using soot particles with added hydrocarbons find a variable fraction eluted by serum or other biological tissues (22) (23) (24) (25) , whereas investigations attempting to extract the naturally adsorbed benzo(a)pyrene (26, 27) reported completely negative results.
Falk (22) indicated that human plasma eluted benzo(a)pyrene (BaP) only from particles larger than 100 ,um, and Obrikat and Wettig (28) reported that large species differences exist in the solubility of benzo[a]pyrene and pyrene between the human and animal serum. The transfer of benzo [a] pyrene between the particles and animal tissues was studied by Creasia et al. (24) and recently also by Medda et al. (25) . Both authors used soot or diesel particles enriched with benzo[a]pyrene and reported an early release of the hydrocarbon into the circulation when particles were small (below 1 ,um Compared to other types of internal combustion engines, the diesel engine produces approximately 30-100 times greater mass of submicron-sized particles, and therefore most of the studies related to the association of potential carcinogenic effects of automotive emission have concentrated on diesel particles (29) . The particles are submicron in size (0.15-0.2 ,um MMAD) and consist of a carbonaceous core on which variable amounts of hydrocarbons adsorbed. (Fig. 2) The hydrocarbons can be extracted by any organic solvent and can be separated from the solid core.
Chemical analysis reveals ( Table 2 ) that the solid core consists practically of pure carbon; its molecular ratio of hydrogen to carbon is many times lower SOLVENT FIGURE 2. Schematic drawing of a diesel particle. (30) .
Numerous investigators attempted to find a common denominator for the presumed neoplastic action of the polycyclic particulate matter and benzo(a)-pyrene concentrations have been frequently used for a comparative assessment of the exposure risks. Thus Albert (31) proposed an intercomparison of the potency of diesel exhaust with the biological activity of coke oven emissions, roofing tar extract, and cigarette smoke condensate. Presumably, the relative activity in animal experimentation or in vitro laboratory experiments will be indicative of in a comparable carcinogenic activity in the exposed populations. However, the variability of the benzo-[a]pyrene concentrations, particularly in the coke oven emissions ( Table 1 ), indicates that the coke battery operation has changed significantly during the last decades and that present emissions are not necessarily representative of the material emitted when the exposure of workers occurred (32) . The potency of samples collected today does not reflect the quality and quantity of the polycyclic organic matter to which the worker's cohorts with increased frequencies of neoplastic processes were exposed 20-30 years ago. In addition, an analysis of the mutagenic activity shows that wide differences between diesel and coke over particulates also exist in the mechanism of their action. Pederson and Siak (33) compared the profiles of biological effects of both extracts and concluded that the mutagenic activity detected in bacterial mutagenicity assay of coke oven emission particle extracts requires mammalian liver enzyme activation, whereas the mutagenic activity of diesel exhaust particle extracts does not. Comparisons of the mutagenic activity profiles of the thin layer chromatographic fractions of diesel particle and coke oven extracts indicates that whereas direct-acting mutagenic activity is found in the nitro-substituted hydrocarbon fraction of diesel extract, the activity of coke oven emission particle extracts is found mostly in the polycyclic aromatic hydrocarbons and the polar fractions containing no nitro-substituted compounds (Fig. 3) .
However, just as low concentrations of benzo(a)- Application of the microbial genetic assay to test dichloromethane extracts of hydrocarbons adsorbed on the surface of particles obtained from heavy duty diesel engines and unknown quality diesel fuels resulted in reports of positive mutagenic effects by several laboratories and premature suggestions that wider use of diesel engines on our roads may increase the risk of respiratory cancer in populations exposed to high concentrations of diesel emissions (34) . However, the mutagenic effects of diesel particles vary with engine type and diesel fuels (35) , as well as with the type of extraction solvent used (36) , and both completely negative as well as highly positive values have been reported from different laboratories (37) .
A minimum quality fuel with a low cetane value, high aromatic content and high nitrogen content produced the maximum mutagenic response in a comparative study. However, the measured concentration of 0.1 ,ug of benzo[a]pyrene per plate of this sample was not sufficient to explain the observed mutagenic effect (35) . In addition, the response did not require activation with mammalian enzymes, another factor contradicting the major role of benzo[a]pyrene. Pitts (38) proposed that polycyclic aromatic hydrocarbons adsorbed on the surface of the particulate matter during the combustion process can react with other simultaneously emitted gaseous pollutants and form reaction products (nitroarenes) which are direct mutagens in the Ames test. Lofroth (39) and Rosenkranz (40) identified mutagenic nitropyrenes in xerographic toners containing carbon black. Pederson (41) studied the reactivity of diesel particulate extract with DNA and concluded that the behavior of the extract was more similar to nitroaromatic compounds than to unsubstituted benzo[a]pyrene. Increased mutagenicity under anerobiosis and decreased mutagenicity in bacteria lacking nitroreductase enzymes suggested that nitrocompounds are involved in the mutagenic activity of diesel particle extracts (41) . Thin layer chromatography separation identified a major fraction of the activity in fractions associated with monosubstituted aromatic compounds. Absorption spectra indicated nitrosubstituted pyrene as the main nitroaromatic compound (43) . Tests with recently developed dinitropyrene-resistant (Salmonella strains disclosed highly potent dinitrocompounds, 1,8-dinitropyrene and 1.6-dinitropyrene, as the predominant mutagenic components of the diesel particulate extract, in spite of their presence in concentrations lower than 1 ppm in diesel particulate (44) .
Since nitroaromatic compounds seem to manifest their genotoxic properties only after the nitro groups have been activated, the presence of the nitroreductase enzyme is necessary for their mutagenic action. Fouts and Brodie (45) reported that the nitro-reductase enzyme system which converts nitro compounds into amines is present in mammalian tissues mainly in liver, partially in the kidney, but in traces or not at all in other tissues including the lung. The mutagenic activity of nitrocompounds observed in short-term microbial assay, therefore. may not be paralleled in the mammalian target tissues. Again, the potential for its manifestation would depend primarily on the fact that the active compounds can leave the particle and be distributed via systemic circulation to the liver.
In general, therefore, the scientific community did not disagree with the positivity of reported samples of diesel particulates in microbial tests but seriously questioned, as have many others, its significance in predicting long-term public health effects. First, positive mutagenic tests were observed only after adsorbed hydrocarbons had been stripped by powerful organic solvents and applied in the test in the form of extracts concentrated by evaporation. dichloromethane was obtained by incubation of particles with biologically relevant solutions like lavage fluid or serum. Quantitative studies of the dissociation of benzo(a)pyrene from particles indicated that although 65% of the benzo[a]pyrene content was eluted by ethanol in 1 hr, none was eluted by saline, and only 12% was recovered after 24 hr perfusion of particles with 1:1 diluted serum. The authors concluded that biologically relevant solvents may bind or detoxify mutagenic compounds and make them unavailable for interaction with bacteria. King et al. (48) confirmed that organic solvents are more efficient than physiological fluids in removing mutagens from diesel particles and reported also that the activity of hydrocarbons extracted with dichloromethane is greatly reduced upon addition of serum and lung cytosol. Subsequent incubation of serum and cytosol-bound organs with protease increased mutagenic activity, this prompted the authors to suggest that although serum or cytosol may partially remove mutagens from the particles, they remain firmly bound to proteins and do not exert biological activity of the degree observed after testing of dichloromethane extract.
Parallel studies conducted at other laboratories (49) also reported that organic materials dissociate from particles much more slowly in vivo than when extracted by organic solvents in vitro and that serum and tissue cytosols significantly reduce the cytotoxicity of diesel particle extracts (50) . From 0 to about 8% of mutagenic activity extracted by Biotransformation It is well known that aromatic hydrocarbons are metabolized in the living organism by microsomal mixed function oxygenase to arene oxides, enzymatically hydrated to dihydrodiols, and further converted to catechols or conjugated with glutathione. Binding of reactive intermediates to cellular DNA was repeatedly proposed as a critical step in the observed genotoxic effects of polycyclic hydrocarbons (51, 52) and the specific enzyme, aryl hydrocarbon hydroxylase, either is expected to activate or detoxify the effects of carcinogenic polycyclic hydrocarbons. Aromatic hydroxylase is present in many mammalian tissues, but the levels of its activity considerably vary among organs, strains and animal species (53) .
Liver has the highest aromatic hydroxylase activity, but measurable enzyme levels were reported also in the lung and many other tissues, including alveolar macrophages (54-59). Tomingas (54) reported that alveolar as well as peritoneal macrophages can metabolize benzo[a]pyrene adsorbed on the surface of carbon particles, hematite or furnace dust. Dehnen (60) and Bast (61) described that aromatic hydroxylase in guinea pig macrophages can be induced, similarly as the liver and lung hydroxylase, by previous administration of polycyclic hydrocarbons. Increased hydroxylase activity was found also in alveolar macrophages lavaged from the lungs of smokers (56) (57) (58) and recently, McLemore (62) reported that although hydroxylase activity is higher in smokers than in nonsmokers, no difference was observed between smokers with and without neoplastic process in the lung. The capacity of tissues to induce higher levels of the hydroxylase activity, although different among individuals (63, 64) is not a direct prerequisite for the neoplastic process. Neither does the formation of specific water-soluble metabolites of polycyclic hydrocarbons predict carcinogenic or mutagenic effects (65, 66) , and the data suggest that it may be difficult to Theoretically, lung cells may extract, detoxify or activate mutagenic compounds independently of extracellular fluid, and make the in vitro system less applicable to the situation in vivo. This problem was addressed by Siak and Strom (68) , who studied mutagenic properties of inhaled diesel particles that were deposited in the lung. Pulmonary alveolar macrophages were obtained by bronchopulmonary lavage from exposed animals immediately after exposure and 1, 4 and 7 days thereafter, concentrated by filtration and extracted with dichloromethane. When mutagenicity of diesel particle extracts collected from the inhaled air was used as a reference (Fig. 5) , a positive mutagenic effect was detectable only in the extracts of macrophages obtained immediately and one day after exposure (Fig. 6) . Starting with the second day after exposure, there was no mutagenic activity in extracts from macrophages, and in full agreement with the biological activity, the TLC fluorescencebanding pattern of the extracts completely disappeared. In vitro incubation of alveolar macrophages with diesel particles confirmed that the presence of macrophages reduces the mutagenic activity by more than 60% (69 . Mutagenic dose/response curves of diesel particle extracts obtained from diesel exhaust-exposed animals. Diesel particle extract and alveolar macrophage extracts were assayed for mutagenicity in tester strain TA98 without S9 enzyme activation: (-*-) diesel particle extract; (--o--) diesel particle extract plus 800 ,ug control macrophage extract; (-o--) macrophage extract from exposed rats immediately after exposure; (--o--) macrophage extract from exposed rats 7 days after exposure. Data of Siak and Strom (68) . accumulate most of the inhaled diesel particles from the respiratory tract, therefore, have a capacity to release or transform the fluorescent and mutagenic hydrocarbons within a relatively short period of time and, thus, significantly influence their biological activity in the respiratory system. The fact that the alveolar macrophages can metabolize polycycic aromatic hydrocarbons has been reported in the literature (70) , and previous work in our laboratory demonstrated that mammalian liver enzymes activate the bacterial mutagenic activity of 1-nitropyrene and of diesel particle extract under specific laboratory condition (71) . Therefore, an enzymatic transformation of the extractable organic compoun.ds of diesel particles by macrophages may be one of the possible mechanisms involved. Another possible mechanism is the solubilization of the extractable organics from diesel particles by phospholipids from the lung surfactant and by other cellular components of the macrophage (72) (73) (74) (75) .
The lack of biological activity of diesel particulates deposited in the respiratory tract was documented by the work of several laboratories. Chen et al. (76) investigated the effects of long-term inhalation of diluted diesel exhaust on aryl hydrocarbon hydroxylase activity and cytochrome P450 content in lung and liver microsomes in male Fischer-344 rats (Rattus norvegicus) and compared them with intraperitoneal and intratracheal administration of organic solvent extracts of hydrocarbon from the diesel particulates. Surprisingly, a decrease instead of an enzyme induction was observed in lung microsomal aromatic hydroxylase activity of animals after the full 9 months of exposure to diesel exhaust at the particulate concentration of 1500 ,ug/m3 (Fig. 7) . The observations were confirmed by other investigators (77) . In contrast, 1.4-to 9-fold increases in aromatic hydroxylase activity were reported in liver and lung microsomes of rats pretreated by intraperitoneal doses of particulate extract, which were 10-15 times higher than the most conservative estimate of the deposited lung burden (25-125 mg/kg body weight). Similarly, direct intratracheal administration of the diesel particle extract (78) required doses as high as 6 mg/kg body weight before the activity of the induced enzyme in the lung was barely doubled (Fig. 8) . The induction was slow and occurred selectively in the lung only, indicating that diesel particulate extract does not absorb easily into the lung circulation and is not distributed to other organs. The data suggest that the absence of enzyme induction in rat lung exposed to diesel exhaust is caused either by the inavailability of hydrocarbons for distribution in the body or by their presence in insufficient quantities for enzyme induction. The results indicate that inhaled diesel particles would not be capable of inducing aromatic hydroxylase in the lung unless the total deposited dose in the lung reaches approximately 6-8 mg of the particle extract per kilogram of body weight.
Since the extractable portion represents only 10-15% of the total particulate mass, the required pulmonary deposits of diesel particles in a 70 kg man would be excessive to become a significant step in promotion of a potential neoplastic process.
Published data on a similarly negative immune response of the lymphoid tissues in the respiratory system to the presence of deposited particles are in good agreement with the observation of the lack of biological activity of the diesel particles during prolonged inhalation exposures (79) . The Figure 9 . In a separate experiment, T (Fig. 10 ). What appears to be evident from the data is that in contrast with the results of the laboratory tests in vitro, which may falsely lead to concerns about the potential neoplastic activity of the inhaled particles with polycyclic aromatic hydrocarbons, the real effect of particles is determined primarily by the availability of hydrocarbons for interaction with the sensitive cells of the respiratory tract. First, the living organism may not have identical mechanisms which will solubilize and elute the hydrocarbons from the surface of particles, similar to that of the powerful industrial solvents. Second, even if a prolonged residence time of particles could permit the solubilization of active mutagens from the particles, it remains to be seen if their mutagenic properties, as detected in a microbial system, are applicable to the completely different enzymatic conditions of the mammalian cell. Biological inactivity of the particulate deposits is well illustrated by the negative response of the inhaled particulates in the induction of metabolizing enzymes as well as by the completely negative immunological reaction and lack of significant functional or structural effects in long-term animal exposures to high concentrations of diesel particulates (29) . In both cases, the biological response was clearly manifested when hydrocarbons were removed from the HOURS AFTER DNFB CHALLENGE FIGURE 10. Ear thickness response to the sensitization challenge of dinitrofluorobenzene (0.5%) after intraperitoneally administered diesel particulate extract. Data of Dziedzic (80) .
particles and administered in the form of particlefree extract; however, the effects were not observed after inhalation of particles with hydrocarbons adsorbed on the surface. Furthermore, the phagocytic function of the alveolar macrophage not only effectively prevents more intimate contact of inhaled particles with the sensitive cells of the respiratory system, but is capable of deactivating the biological aggressivity of the chemical materials adsorbed on their surface. Even if a long-term storage of the inhaled particles occurs in the respiratory system, it would primarily represent deposits of relatively innocuous material which might be more an indicator of the past exposure rather than an index of a clinically significant biological hazard.
In conclusion, studies conducted independently in several laboratories drew the same result: mutagenic components present on diesel particles are protein-bound or minimally soluble in biological fluids, and, therefore, not easily available for transfer into adjacent tissues or the systemic circulation. In this respect, the testing of the organic solvent extract in vitro does not represent the real biological activity of the diesel particles in the living organism. While the genotoxic effects observed after solvent extraction may represent significant scientific information, the data are not valid predictors of potential adverse effects of inhaled diesel particulates and cannot serve as a meaningful basis for the assessment of the hazards of diesel exhaust emissions in the human respiratory system. Unless the availability of the chemical compounds adsorbed on the surface of diesel particles to the biological fluids in the human body is considered in risk assessment, estimates of increased risk of lung cancer to diesel emissions will remain arbitrary and unrealistic. 
